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The  contract  was  for  perfonning  experiments  <m  a  lecmtly  discovered  tt^xdogieai 
phase  factor  known  as '*Beny*s  i^iase.**  We  proposed  to  examine  this  f^aae  at  both  die 
quantum  and  classical  levels,  in  its  various  maidfestations.  The  goals  of  duscoottact  were 
successfully  acconqtlished;  in  particular,  we  succeeded  in  demonstrating  diis  phase  at  die 
single  jdioion  level,  thereby  demonstrating  that  this  idu»e  thd  not  originate  tt  die  classical 
level  Possible  applications  trfdusiduse  were  ejqdoted.  A  two-pholon  light  source,  in  the 
form  a  parametric  down-converter  ctf  uv  laser  photons  into  hi^y  correlated  red  idxHons 
was  successfully  constructed,  and  cornddence  counting  techniques  were  successfully 
applied  to  the  detection  of  the  conjugate  signal  and  idler  red  photons.  This  finmed  die 
experimental  basis  for  the  examination  not  only  Berry’s  {duise,  but  (tf  the  energy-dme 
uncertainty  relations,  the  Ranson  experiment,  the  measurement  of  the  tunneling  time  of  the 
photon,  the  quantum  eraser,  and  odier  optical  phenomena  closely  related  to  the  Einstein- 
Podedsky-Rosen  ’’paradox.** 

Berry's  tc^logical  phase,  which  is  an  Aharonov-Bohm-like  phase  uiiidi  a  system  can 

acquire  after  a  sequence  of  changes  which  returns  the  system  back  to  its  starting  pmnt,  has 

be  studied  using  quantum  optical  techniques  in  this  contract  This  iduise  was  discovered  in 

the  quantum  adiabadc  theorem  by  Berry,  and  one  of  its  early  manifestadons  was  discovered 

in  qitics  by  the  inincipal  investigator  in  collaboration  with  Wu  and  Tomita.  The  phase 

anholonomy  which  Berry  discovered  in  the  cpiannim  adiabatic  theorem  can  be  esqnessed  as 

• 

an  extra  phase  factor  exp(iY||(C))  which  the  wavefunction  can  acquire  afkr  a  cyde  C  in  die 
parameter  space  of  the  Hamiltonian  H(R),  where  R  denotes  some  slowly  varying 
parameters  which  return  to  their  starting  values.  This  topological  {diase  faemr  is 
accumulated  by  the  wavefunction  in  additicn  to  the  usual  dynamical  phase  factor, 
exp(-4jE||dt/f)).Explicidy,ifH(R)|n;R>  »E||(R)|n;R>,dien  Berry's  phase  is 

T„(C)  -  ^  Adt- dR ,  (1) 

Although  we  jnedicted  an  early  optical  manifestation  of  this  phase  by  means  of 
quantum  mechanics,  we  observed  it  by  purely  classical  <^cal  means.  Also,  tins 
manifestatkm  was  mdy  the  first  of  four  reemt  manifestatimis  of  this  {duse  in  optics. 
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Thinefoce  the  in^pcwtant  scientific  questions  we  wtMikl  like  to  address  include:  Can  we 
observe  this  phase  in  quaimm  optics?  Are  these  four  recently  discoveted  Berry's  phases 
all  that  there  ate  in  optics?  Ate  there  any  purely  quantum,  i.e.,  nonclassicalt  Berry's 
phases  in  (pities?  Are  there  any  important  aiqdicationscrf^  these  phases? 

As  described  more  briefly  in  the  introduction,  to  observe  this  jrfmse  at  the  quantum 
level,  we  have  set  up  a  correlated  two-photon  light  source,  in  which  a  UV  (punq))  jrfioton 
is  tndeen  up  into  two  ted  photons  (signal  and  idler  photons)  inside  a  KDP  (poossium 
dihydrogen  phosphate)  crystal  in  die  process  of  parametric  down-conversion,  following  the 
mediod  oi  Burnham  and  Weinberg,  and  of  Mandel  et  al.  These  photons  have  been  detected 
in  coincidence.  In  this  way,  the  detection  of  one  photon  in  one  beam  can  be  used  to  insure 
that  there  is  one  and  only  one  photon  in  the  conjugate  beam.  Thus  a  one-|dioton  Fock  state 
can  been  prepared  for  our  ejqrerimenL  When  this  photon  enters  an  interferometer  inside 
which  optical  elements  are  placed  in  such  a  configuration  as  to  generate  a  Berry's  phase, 
then  the  resulting  interference  pattern  can  only  be  understood  as  resulting  from  a  single 
photon  interfering  with  itself  inside  the  interfenxneter.  We  have  also  set  up  a  two-photon 
interferometer,  similar  to  the  ones  suggested  by  Ranson,  and  by  Home,  Shimony  and 
Zeilinger,  in  two  recent  Physical  Review  Ltuers  (62, 2205  and  2209  (1989)),  in  order  to 
observe  a  purely  quantal  Berry's  phase. 

We  successfully  observed  coincidences  from  the  above  two-photon  light  source  in  the 
Spring  of  1989.  We  also  constucted  a  mmplanar  Mach-Zdmder  interferometer  to  observe 
Berry's  phase  at  the  classical  level  We  set  iq>  and  aligned  a  system  incorporating  a  white- 
light-fringe  Mkhelson  interferometer. 

We  also  set  up  a  two-photon  interferometer,  similar  to  the  ones  suggested  by  Franson, 
and  by  Home,  Shimony  and  Zeilinger,  in  two  recent  Physical  Review  Letters  (62, 2205 
and  2209  (1989)),  in  order  to  observe  a  purdy  quantal  Berry's  phase.  As  a  first  stq>,  we 
have  successfully  observed  the  dynamical  phase  of  two  entangled  photons  (Phys.  Rev. 
A41, 2910  (1990)),  and  imjnoved  our  apparatus  so  that  the  visibility  of  our  two-photon 
fringes  seen  in  coincidence  exceeded  50%,  at  which  point  our  results  became  mxiclassicaL  - 
After  obtaining  a  visibility  in  excess  of  71%,  wo  violated  Bell's  inequalities,  and  our  results 
became  nonlocal.  We  also  set  up  and  observed  the  first  nonclassical  Berry's  {riiase,  in  the 
form  of  Pancharatnam's  phase,  by  means  of  two  zero-order  quarter  wave  plates  placed  in 
one  arm  of  a  Michelson  interferometer.  This  was  done  in  conjunctitm  with  a  triple 
coincidence  counting  technique,  and  is  described  in  "Observation  of  a  Nonclassical  Berry's 
Phase  for  the  Photon,"  which  was  published  shmdy  after  the  termination  date  of  diis 
contract  in  Physical  Review  Letters  66, 588  (1991). 
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